The opening of the adenosine triphosphate (ATP)-sensitive potassium (K ATP ) channel has been proposed as a therapeutic approach for ischemia. Here we examined the opening effect of KR-31378 on the K ATP channel using patch clamp recording in neuroblastoma 2a (N2a) cells and investigated the neuroprotective effect of KR-31378 in organotypic hippocampal slice cultures exposed to oxygen/glucose deprivation. The treatment with KR-31378 (10 m mM) to N2a cells seemed to induce K ATP channel opening in a dose dependent manner. The opening effect of KR-31378 was more significant than that of other known K ATP channel openers. Pretreatment with KR-31378 (10 m mM) showed a neuroprotective effect in both CA1 and CA3 regions and its effect was attenuated by glibenclamide in a dose dependent manner in both areas. This remarkable neuroprotective effect of KR-31378 seemed to be mediated by the opening of the K ATP channel. These results suggest that KR-31378 could be a possible neuroprotective agent against cerebral ischemia.
Ischemic insult may cause a complex change of cellular mechanism. Considerable research efforts have been carried out to protect against ischemic cell injury. After the discovery of adenosine triphosphate (ATP)-sensitive potassium (K ATP ) channel, 1) the opening of K ATP has been proposed to be a potent therapeutic approach of ischemia. When oxygen/glucose deprivation (OGD) was progressed, reduced oxygen and glucose supply prohibited the internal ATP production in mitochondria and it may have lead to a crisis condition for cell survival.
2) It could be expected that the ATP sensitivity might be an effective tool for detecting an emergency condition of a cell because of its specificity and reliability. It has been reported that the K ATP channel, sensitive to intracellular ATP concentration, 3) is involved in neuroprotection. [4] [5] [6] Consequently, synthetic K ATP channel openers that evoke K ϩ efflux have been proposed to be a major therapeutic approach of ischemia. [7] [8] [9] (2S,3S,4R)-NЉ-Cyano-N-(6-amino-3,4-dihydro-3-hydroxy-2-methyl-2-dimethoxymethyl-2H-benzopyran-4-yl)-NЈ-benzylguanidine (KR-31378), a benzopyran analogue, was synthesized as a new putative therapeutic agent by the Korea Research Institute of Chemical Technology (Taejeon, Republic of Korea). It showed an anti-ischemic effect on ischemic rat heart and good neuroprotective effect against oxidative stress.
9) The post-ischemic treatment with KR-31378 to focal ischemic damage in rats reduced the infarct area of the cortex and the striatum. 10) However, it has not been elucidated whether or not the neuroprotective effect of KR-31378 is mediated by the activation of the K ATP channel.
In this study, we examined the K ATP channel opening effect of KR-31378 using patch clamp recording with the mouse neuroblastoma 2a (N2a) cell line. Furthermore, the neuroprotective effect of KR-31378 mediated by the opening of the K ATP channel was confirmed using organotypic slice culture technique.
MATERIALS AND METHODS

Patch-Clamp Experiment
Mouse neuroblastoma 2a (N2a) cells (ATCC, Rockville, MD, U.S.A.) were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum in a humidified atmosphere of 95% air and 5% CO 2 in an incubator at 37°C and replaced onto small cut cover slips (9ϫ9 mm). The cultured cells were kept for only 2 or 3 d before use. All experimental chemicals were obtained from Sigma Chemical Co. (St Louis, MO, U.S.A.) except the items mentioned. Before recordings, the culture medium was washed with normal saline (135 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES and 5 mM Glucose) and then replaced with a high barium containing solution (110 mM BaCl 2 , 10 mM HEPES and 10 mM glucose (pH 7.4)). The K ATP currents were recorded using a whole-cell variant of the patch clamp technique. The internal solution contained 10 mM NaCl, 102 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 0.1 mM Na 2 -ATP, 1 mM Na 2 -GTP and 10 mM EGTA (pH 7.2). The cell membrane capacitance and series resistance were compensated (Ͼ80%) electronically using an EPC-9 amplifier (HEKA Electronik). The currents were sampled at 0.5 kHz and low-pass filtered at 2 kHz (Ϫ3dB). To eliminate errors from cell size differences, current density (pA/pF) was used. Data analysis was performed using the Pulse/Pulsefit (Heka, Wiesenstrasse, Germany), Excell 2000 (Microsoft, Microsoft, Redmond, U.S.A.) and Sigma Plot 2000 (SPSS Inc., Chicago, U.S.A.). Data are presented as mean valueϮS.E.M. Statistical significance was evaluated using one-way analysis of variance (ANOVA). pϽ0.05 was considered significant. All experiments were carried out at room temperature (20-24°C) .
Organotypic Slice Cultures Organotypic hippocampal slice culture was prepared by the method of Stoppini et al.
11)
The hippocampi of Sprague-Dawley rat (postnatal day 7) were isolated and cut transversely at a thickness of 350 mm with a McILWAIN tissue chopper. Slices were put on Millicell-CM inserts (Millipore) in 6-well plates. Each well contained 1 ml of culturing medium composed of 50% MEM, 25% Hank's balanced salts solution and 25% horse serum. Slices were cultured for 10-12 d at 36°C in a 5% CO 2 incubator with a total change of medium every third day. After the culture period, slices were kept in a serum free medium for 2 h. Then cultures were pretreated with KR-31378 (1, 10, 100 mM) or KR-31378 (10 mM) with glibenclamide (1, 10, 100 mM) for 45 min prior to OGD. OGD was induced by placing cultured slices into an anaerobic system (anaerobic system 1029, Forma Scientific, Marietta, Ohio, U.S.A.) with a serum free medium devoid of glucose for 40 min. Propidium iodide (PI, 5 mg/ml) was added to each well and PI stained images were captured using a fluorescence inverted microscope (Axiovert S100, Zeiss, Göttingen, Germany) with a digital CCD camera (AxioCam, Zeiss) attached. The observed areas were measured using the 'density slice function' of NIH Image analysis software (version 1.65) and the percent neuronal death of each subfield was calculated.
RESULTS
In the patch clamp experiment, it was necessary to reveal the K ATP channel specific current only. To achieve this, we set up several methods. Firstly, the external and internal solution was matched not only to block most potassium channels externally but also to keep a slightly opened K ATP channel condition to show the antagonist effect in case. Secondly, the net K ATP opening current density was obtained by subtracting the glibenclamide (10 mM) treated current density from the control K ATP opening current density. From the results, it was clear that the treatment with KR-31378 induced K ATP channel opening and that the effect was dose dependent (Fig. 1A, nϭ4 per each concentration) . Furthermore, the K ATP channel opening effect of KR-31378 was the most significant (231.65Ϯ48.25% to the control, nϭ4) among the other known K ATP channel openers ( Fig. 1B ; Diazoxide (10 mM)ϭ108.93Ϯ20.43%, nϭ5; Cromakalim (10 mM)ϭ147.24Ϯ26.39%, nϭ5; BMS-180448 (10 mM)ϭ 160.73Ϯ30.09%, nϭ4). According to the PI incorporated fluorescence images referring the neuronal cell death, pyramidal cells in the CA1 area of the hippocampal slice cultures insulted by OGD seemed to be degenerated significantly compared to those in the CA3 area and the dentate gyrus (DG) (data not shown). Representative, PI incorporated, fluorescence images of dead cells captured at 48 h recovery time after 40 min of OGD and without OGD condition are shown in Fig. 2 . Pretreatment with KR-31378 (10 mM) reduced the uptake of PI in pyramidal areas (Fig. 2C ) and the neuroprotective effect of KR-31378 (10 mM) was eliminated by the additional treatment with glibenclamide (100 mM), a specific K ATP channel blocker (Fig. 2D) . In Fig. 3A , pretreatment with KR-31378 (10 mM) decreased the incorporation of PI on the CA1 area significantly, while an equivalent significant decrease on the CA3 area occurred only after 6 and 24 h reperfusion. There was no statistical significance among other dosages on the CA1 and the CA3 area. On the DG, pretreatment with KR-31378 caused no significant changes at all dosages and reperfusion times. The treatment with a KATP channel antagonist, glibenclamide, abolished the neuroprotective effect of KR-31378 (10 mM) in both the CA1 and the CA3 regions, except the DG, in a dose dependent manner (Fig. 3B) . 1286 Vol. 27, No. 8
Fig. 1. Whole-Cell Patch-Clamp Experiment of KR-31378 Effect on the K ATP Channel
(A) The K ATP channel opening seems to depend on the amount of KR-31378 (the current was measured at ϩ20 mV; left case). KR-31378 treatment elicits an increased current and the additional treatment with K ATP channel specific antagonist, glibenclamide, causes currents that are reduced even lower than those of the control condition (Ϫ120-ϩ20 mV, 10 mV step; right case). (B) The treatment with KR-31378 instigates the largest net K ATP channel opening among the other known K ATP channel openers at the same concentration (10 mM). The current was measured at ϩ20 mV (DZX, Diazoxide; CMK, Cromakalim).
DISCUSSION
The potassium channel opening may contribute to protect a cell from the over usage of ATP by returning it to a stable condition after overexcitation. 1) For these reasons, the possible neuroprotective effect of an ATP sensitive, potassium channel opener might render it a candidate as a therapeutic drug. 1, [7] [8] [9] In the present study using patch clamp recording, we demonstrated that treatment with KR-31378 could open the K ATP channel N2a cells (Fig. 1A) . The net K ATP current density value of KR-31378 was the highest among other agents at the same concentration treatment (10 mM, Fig. 1B) . . Chemical treatment commenced 45 min prior to OGD and was maintained to the end of the experiment. PI-incorporated areas were captured and measured prior to OGD and at each time point of reperfusion. Statistical significance was evaluated using Kruskal-Wallis one way ANOVA on ranks followed by Dunn's multiple comparison method. Differences were considered significant at pϽ0.05.
It is not clear whether these features were caused by the highest affinity of KR-31378 to K ATP channel among other agents but the opening ability of KR-31378 to K ATP channel seemed to be the most effective among other known agents at the same concentration.
It was reported that pyramidal cells in the CA1 area are relatively more sensitive than those in the CA3 area and the dentate gyrus, not only in organotypic slice cultures, but also in models of transient global forebrain ischemia. 12) In our experiment, we adapted an organotypic slice culture technique that has the advantages of pharmacological accessibility, 13) tissue specific cell connections [14] [15] [16] [17] and preservation of local neuronal circuits with proper patterns of innervation. 18) The treatment with KR-31378 to rats after focal ischemic damage has been reported to reduce the infarct area of the cortex and the striatum. In the present study, pretreatment with KR-31378 prior to OGD seemed to protect pyramidal cell layers in organotypic rat hippocampal cultures (Figs. 2,  3A) . Additional treatment of glibenclamide with KR-31378 reversed the effect of KR-31378 (Fig. 3B ). There are many reports that the mitochondrial K ATP channel contributes toward neuroprotection 19, 20) although there remain some ambiguous arguments in the importance of the plasma K ATP channel or the mitochondrial K ATP channel against ischemic damage. It is not yet clear whether KR-31378 could open the plasma K ATP channel or the mitochondrial K ATP channel, and further investigation is needed, as it also is into other possible mechanisms for the neuroprotective effect of KR-31378. Nevertheless, the pretreatment with KR-31378 to organotypic hippocampal slice cultures prior to OGD exerted a notable neuroprotective effect with regional specificity and the results of present study support the hypothesis that KR-31378 can protect neuronal cells from OGD via activation of the K ATP channel. These results suggest that KR-31378 could be a possible neuroprotective agent against cerebral ischemia.
